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Abstract
Rotator cuff tears (RCTs) account for more than 4.5 million physician visits annually in the United
States and are a primary source of shoulder pain and dysfunction. Approximately 250,000 rotator cuff repair
surgeries are performed each year, and the success rate of repair is variable with 20% to 65% resulting in a
re-tear. RCT is a tear of one or more of the rotator cuff tendons (supraspinatus, infraspinatus, teres minor,
and subscapularis). While the tear is often considered to be an injury to the tendons, and is consequently
treated as such, there is evidence that the structural and mechanical properties of the injured rotator cuff
tendons, remaining intact tendons and glenoid cartilage are affected by RCTs. However, despite the fact
that glenohumeral (GH) capsule is a primary passive stabilizer of the shoulder joint, the biomechanical
consequences of RCTs on the GH capsule have not been well defined. Further, the kinematics of the normal
shoulder joint have been shown to be different than that of a shoulder with an RCT, indicating a possible
change in the loading condition of the shoulder. Together, the changes in kinematics of the shoulder after
RCT and alteration in shoulder stability may contribute to the poor success rate associated with RCT
repairs. It is therefore important to know how the changes in kinematics due to RCTs affect the mechanical
state of the GH capsule and its contribution to shoulder joint function and stability. The objective of this in
vitro study was to (1) quantify the strain distributions of the GH capsule for two functional tasks (forward
reach and functional pull), and (2) identify how this strain distribution is affected by RCTs.
To perform the biomechanical testing, a 6 degree-of-freedom actuator was developed from a 5-axis com-
puter numerical control (CNC) machine to replicate shoulder motion in cadaveric specimens. The human
shoulder joint (humerus-capsule-scapula, n=5) was mounted into the CNC machine and the kinematics of
four tasks was replicated: forward reach and functional pull from subjects without an RCT (controls), and
the same two tasks from subjects with an RCT. Gleonhumeral capsule strain was measured using digital
image correlation by applying a random speckle pattern on the anterior and posterior regions of the GH
capsule. High-speed camera images of the capsule were recorded during the experiments, and processed to
calculate the dynamic strain along the medial-lateral and superior inferior directions.
For both healthy forward reach and functional pull, the strain distributions were inhomogeneous through-
ii
out the capsule and the peak strain occurred at the most extreme position of the task. During forward reach,
the peak strain (0.610 ± 0.177) occurred near the fully extended reach position (44% of cycle) while it oc-
curred at the end of the functional pull (0.416 ± 0.157, 49% of cycle). For both tasks, the peak strain was
most often found at either the humeral or glenoid insertion. Both anterior and posterior sides of the capsule
were under the biaxial tension during forward reach. However, during functional pull, both sides were in
uniaxial tension: the anterior side was loaded along the medial-lateral direction while the posterior side
was loaded along the superior-inferior directions. The peak superior-inferior strain in the superior-humeral
regions of the posterior side was lower for forward reach compared to functional pull (p = 0.046). The
remaining regions were not significantly different.
The kinematics associated with RCTs showed similar trends in terms of the loading state of the capsule;
both sides were in biaxial tension during forward reach and uniaxial tension during functional pull. However,
the strain distribution in the capsule was significantly different under the RCT kinematics. In some regions,
strains increased while in other regions strains decreased for both the anterior and posterior sides of the
capsule. These changes were spatially heterogeneous.
Forward reach mechanically challenges the glenohumeral capsule more than functional pull as shown by
the increased strain and it’s biaxial nature. In terms of rotator cuff tears, our results elucidate how RCTs
may change the overall shoulder joint stability as a result of focally specific changes in the GH capsule strain.
Understanding the biomechanical effects of RCTs on shoulder joint function is essential for optimal rotator
cuff repair surgery outcome. The methodology developed in this research could be used to investigate the
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The shoulder is considered one of the most movable regions in the human body and allows for actions
like lifting, pushing and pulling. While there are several smaller joints in the shoulder, the glenohumeral
(GH) joint is the main shoulder joint (Fig. 1.1A). The GH joint is made up of the humerus and scapula
bones and considered as system of ball (humeral head) and socket (glenoid fossa). The articulation occurs
between the glenoid fossa of the scapula and humeral head of humerus. Like a ball and socket joint, the
GH joint has three rotational degrees of freedom. However, the scapula-humeral rhythm has not only three
rotational degrees of freedom but also has translation between humerus and scapula.
Figure 1.1: (A) GH joint including the bones, cartilage and capsule, (B) posterior, and (C) anterior view of
muscles that span the shoulder with rotator cuff muscles highlighted [10, 36].
Often modeled as a ball-and-socket joint, the three shoulder rotational degrees of freedom include flexion
and extension, abduction and adduction, and internal and external rotation (Fig. 1.2). Flexion and extension
take place in sagittal plane involving the anterior and posterior movements of the arm. The movement in
the anterior direction is known as flexion whereas movement in the posterior direction is known as extension
(Fig. 1.2A). Abduction-adduction are motions of the arm that occur in the frontal planes. Moving the arm
laterally away from the body is known as abduction while bringing the arm toward the body is called as
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adduction (Fig. 1.2B). During the internal and external rotation, the arm (humerus) rotates around its long
axis that moves the anterior surface of the arm toward or away from the body. If the anterior surface of the
arm moves toward the body is called internal (medial) rotation. In contrast, if the anterior surface of the
arm moves away from the body is called external (lateral) rotation (Fig. 1.2B).
Figure 1.2: Shoulder rotational degrees of freedom: (A) flexion-extension in the sagittal plane, (B) abduction-
adduction in the frontal plane and internal-external rotation about the long axis of the arm.
Abduction and flexion account for the largest ranges of motion (170◦ ± 10.8◦ and 164◦ ± 10.2◦, respec-
tively) compared to extension (81◦ ± 11.3◦). The shoulder joint can rotate more internally (86◦ ± 4.6◦)
than externally (67◦ ± 11.3◦) [14].
1.2 Rotator cuff muscles
The rotator cuff is a group of four muscles and their tendons: supraspinatus, infraspinatus, teres minor,
and subscapularis (Fig. 1.1B, 1.1C). All these muscles originate from the scapula and connect to the head
of the humerus and form a cuff surrounding the GH joint. Rotator cuff muscles play an important role in
shoulder movements and provide the necessary stability of the GH joint by actively compressing the humeral
head into the glenoid fossa of the scapula [56].
1.3 Rotator cuff tears
A rotator cuff tear (RCT) is defined as a tear of one or more of the rotator cuff tendons. Rotator cuff
tears can be classified by the size of the tear: (i) Full thickness tear and (ii) Partial thickness tear. A full
thickness tear indicates a through-thickness tear of the shoulder while a partial thickness tear is described
as the fraying of the tendon-bone connection (Fig. 1.3). A partial thickness tear can lead to a full thickness
2
tear if not properly treated [50, 37, 78]. RCTs cause pain, depending on the severity of the tear, and
can lead to limited function in the affected shoulder, especially during overhead activities [96, 78]. Other
symptoms include, but are not limited to weakness, tenderness, and snapping sounds coming from the joint
[78]. Individuals with RCTs have also reported difficulty sleeping on the effected side [96]. In contrast,
RCTs can also be asymptomatic with little to no clinical symptoms [65].
Figure 1.3: (A) A full thickness tear in supraspinatus tendon and (B) a partial thickness tear in supraspinatus
tendon [36].
Rotator cuff tears (RCTs) are common and a primary source of shoulder pain and dysfunction accounting
for more than 4.5 million physician visits annually in the United States [75]. Approximately 250,000 rotator
cuff repair surgeries are performed in the United States each year [27, 124]. Unfortunately, the success rate
of rotator cuff repair is variable with 20% to 65% resulting in a re-tear [38, 28, 31]. Revision surgeries can
be as high as 30% for isolated supraspinatus tendon tears [35].
1.4 Motivation
Understanding the biomechanical consequences of RCTs on joint function is essential for optimal surgical
outcome. Joint stability is a function of active muscle forces balanced by passive stabilizing tissues including
the bony geometry, glenoid labrum, and glenohumeral (GH) joint capsuloligamentous structures [121]. Tears
in the supraspinatus and infraspinatus rotator cuff tendons have an immediate primary effect on the balance
of muscle forces at the shoulder joint [16]. Structural and mechanical properties, including area, stiffness,
and modulus of elasticity, of the torn supraspinatus and infraspinatus have been shown to change after the
injury [34, 22]. While the tear is often considered an injury to the tendons and consequently treated as such;
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there has been evidence in the literature that RCTs may have significant secondary effects on the remaining
surrounding tissues [86]. The mechanical properties of the intact infraspinatus and subscapularis tendons
change due to tears in the neighboring supraspinatus tendon [82]. The area of the GH cartilage degeneration
is greater in shoulders with a RCT [42], and thickness and modulus of elasticity is lower in some regions
of glenoid cartilage due to RCTs [88]. However, the biomechanical effects of RCTs on the GH capsule has
received less attention.
The GH capsule is a continuous sheet of ligamentous tissue [69] and considered as the primary passive
stabilizer providing the anterior and posterior stability of the shoulder joint during motion [7, 76]. Different
regions of the GH capsule are loaded and unloaded throughout the range of motion such as stability is
provided by specific regions depending on the joint position [15, 21, 39, 70, 71, 112]. For example, anterior
band and auxiliary pouch of the inferior glenohumeral ligament (IGHL) show highest strain during abduction
and external rotation whereas posterior band of the IGHL has greatest strain in flexion and internal rotation
[115]. Several studies have characterized and measured the mechanical properties of different regions of
the GH capsule [6, 11, 53, 63, 62, 108, 109]. The mechanical properties of the GH capsule have been also
quantified after the anterior dislocation [13]. To date, studies have only measured the GH capsule strain at
certain joint position like abduction/adduction, flexion/extension, but not for any functional tasks.
Although the superior capsule is usually damaged with full RCTs [44], the consequences of this damage
on shoulder joint function after RCTs is not well understood. Further, the kinematics of the normal, healthy
shoulder joint have been shown to be different than that of a shoulder with RCT during activities of daily
living (ADL) [118]. However, it is not clear how these changes in kinematics contribute to overall shoulder
joint function and stability. It is critical to investigate the biomechanical effects of RCTs on GH capsular
ligaments to better understand how the RCTs may impact on the overall GH joint stability as a result of
changes in GH capsule during ADL. To the best of our knowledge there have been no studies evaluating the
relationship between GH capsular strain and RCTs. Therefore, the aim of this study was to compare the
strain distribution of anterior and posterior regions of GH capsule before and after rotator cuff tear for two
functional tasks: forward reach and functional pull.
1.5 Objectives
The overall objective of this dissertation study is to elucidate the effects of RCTs on the mechanical state
of the GH capsule and shoulder joint function during two functional tasks: forward reach and functional
pull. Therefore, the specific aims are:
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(1) Develop a methodology for in-vitro testing of functional tasks
(2) Quantify the dynamic strain distribution on the anterior and posterior sides of the GH capsule to
locate the critical strain zone and identify how this strain distribution varies from region to region and
activity to activity
(3) Identify how this strain distribution changes after RCTs
Our main hypothesis is that (i) the strain distribution in the GH capsule will be inhomogeneous and





Rotator cuff tears are one of the primary causes of shoulder pain and dysfunction in the upper extrem-
ity accounting over 4.5 million physician visits per year with 250,000 rotator cuff repairs being performed
annually in the United States. While the tear is often considered an injury to a specific tendon/tendons
and consequently treated as such, there are secondary effects of rotator cuff tears that may have significant
consequences for shoulder function. Specifically, rotator cuff tears have been shown to affect the joint carti-
lage, bone, the ligaments, as well as the remaining intact tendons of the shoulder joint. Injuries associated
with the upper extremities account for the largest percent of workplace injuries. Unfortunately, the variable
success rate related to rotator cuff tears motivates the need for a better understanding of the biomechanical
consequences associated with the shoulder injuries. Understanding the timing of the injury and the sec-
ondary anatomic consequences that are likely to have occurred are also of great importance in treatment
planning because the approach to the treatment algorithm is influenced by the functional and anatomic state
of the rotator cuff and the shoulder complex in general. In this review, we summarized the contribution
of rotator cuff tears to joint stability in terms of both primary (injured tendon) and secondary (remaining
tissues) consequences including anatomic changes in the tissues surrounding the affected tendon/tendons.
The mechanical basis of normal shoulder joint function depends on the balance between active muscle forces
and passive stabilization from the joint surfaces, capsular ligaments, and labrum. Evaluating the role of all
tissues working together as a system for maintaining joint stability during function is important to under-
stand the effects of rotator cuff tear, specifically in the working population, and may provide insight into
root causes of shoulder injury.1
1Portions of this chapter have been published: Rahman H, Currier E, Johnson M, Goding R, Wagoner Johnson AJ, Kersh ME.
Primary and secondary consequences of rotator cuff injury on joint stabilizing tissues in the shoulder. Journal of Biomechanical
Engineering, 139, 110801-10, 2017.
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2.2 Shoulder function and rotator cuff tears
2.2.1 The shoulder complex
The shoulder is among the most mobile joints in the body allowing for significant range of motion in
multiple planes. The shoulder complex is made of the scapula, clavicle, humerus, and the soft tissues that
span the joint including cartilage, capsular ligaments, the labrum, and surrounding muscle-tendon units
(Fig. 2.1A) [10, 36]. The articulations in the shoulder complex include the glenohumeral joint, scapulotho-
racic articulation, and the acromioclavicular joint. These tissues work in unison to complete a wide range
of kinematic tasks.
Figure 2.1: (A) Shoulder joint including bones, cartilage and capsule, (B) posterior, and (C) anterior view
of muscles that span the shoulder with rotator cuff muscles highlighted, (D) ligaments of the shoulder joint
with coracoacromial, coracohumeral, and glenohumeral ligaments highlighted, (E) a full thickness tear in
supraspinatus tendon, (F) a partial thickness tear in supraspinatus tendon [10, 36].
Often modeled as a ball-and-socket joint, the three shoulder rotational degrees of freedom include flexion
and extension, abduction and adduction, and internal and external rotation. Abduction and flexion account
for the largest ranges of motion (170◦ ± 10.8◦ and 164◦ ± 10.2◦, respectively) compared to extension (81◦
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± 11.3◦). The shoulder joint can rotate more internally (86◦ ± 4.6◦) than externally (67◦ ± 11.3◦) [14].
2.2.2 Rotator cuff tear and treatment
Injuries to the upper extremities can occur as a result of a wide range of activities from sports to
occupational, and account for more work-related injuries (31%) than any other body region [114]. Among
the shoulder injuries, rotator cuff tears warrant specific attention because of the high incidence among
workers and the variable success rate of repairs. Rotator cuff problems account for over 4.5 million physician
visits per year [75], and rotator cuff repair is one of the most common surgeries performed on the shoulder
with 250,000 surgeries performed annually in the United States [27, 124]. Unfortunately, the success rate of
rotator cuff repair is variable with many resulting in re-tears. Revision surgeries can be as high as 30% for
isolated supraspinatus tendon tears [35]. Surprisingly, there is a disproportionately low amount of published
research with regards to work-related injuries of the shoulder and rotator cuff tears (Fig. 2.2). This paucity
of data and the current revision rate suggests that the relationship between the injury mechanism, repair,
and rehabilitation with respect to rotator cuff tears is not well understood.
Figure 2.2: Number of articles found during the Pubmed search. For Pubmed search, we used the keywords
as ‘A’ and ‘B’; where ‘A’ indicates either ‘Shoulder injury’ or ‘Rotator cuff tear’. ‘B’ indicates ‘Sports’
or ‘Occupational’ or ‘Work’. Graph shows that there was higher number of papers published for ‘Sports’
compared to work-related injuries.
A rotator cuff tear (RCT) is described as a tear of one or more of the rotator cuff tendons (supraspinatus,
infraspinatus, teres minor and subscapularis (Fig. 2.1B, 2.1C) [36]) and is classified by the size of the tear.
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A full thickness tear indicates a through-thickness tear of the shoulder (Fig. 2.1E) while a partial thickness
tear is described as the fraying of the tendon-bone connection (Fig. 2.1F) and can lead to a full tear if not
treated properly [50, 37, 78]. RCTs cause pain, depending on the severity of the tear, and can lead to limited
function in the affected shoulder, especially during overhead activities [96, 78]. Other symptoms include,
but are not limited to weakness, tenderness, and snapping sounds coming from the joint [78]. Individuals
with RCTs have also reported difficulty sleeping on the effected side [96]. In contrast, RCTs can also be
asymptomatic with little to no clinical symptoms [65].
2.2.3 More than muscle - evaluating the consequences of RCTs on the
shoulder complex
Due to the asymptomatic nature of many RCTs, it is not possible to know how many tears go unreported;
however, it has been suggested that symptomatic RCTs accounted for 34.7% of all tears and asymptomatic
tears for 65.3% [66]. While the tear is often considered to be an injury to the tendons, and is consequently
treated as such, there has been evidence in the literature that the RCTs may have significant effects on
the remaining surrounding tissues. The mechanical basis of normal shoulder joint function depends on the
balance between active muscle forces and passive stabilization from the joint surfaces, capsular ligaments,
and labrum. Understanding the effect of rotator cuff tears on the mechanics of both the injured tendon and
surrounding tissues, is important for connecting and translating the results that arise from studies of in vivo
shoulder kinematics, cadaveric studies using simulators, or in vivo muscle volume studies [118, 80, 64, 67].
We suggest that an improved comprehension of the mechanisms underlying shoulder function, before and
after injury, can lead to improved diagnosis and treatment.
Therefore, we aimed to summarize the mechanical consequences of rotator cuff tears on both the injured
tendons as well as the surrounding tissues. Specifically, tears in the supraspinatus and infraspinatus rotator
cuff tendons have an immediate primary effect on the balance of muscle forces at the shoulder joint [16]
and is the subject of the next section (2.3) of this review chapter. In Section 2.4, we compared longitudinal
changes in the mechanical properties of the bone-tendon interface as a result of RCT. Next in Section 2.5,
we evaluated the secondary consequences of rotator cuff tears on the mechanical properties of uninjured
tendons, ligaments, and cartilage. Finally, we identify opportunities for further study that may lead to
provide better outcomes of rotator cuff surgeries.
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2.3 Primary effects of RCTs
We define the primary effects of rotator cuff tears as changes in the mechanical or structural properties
of the torn tendon. Rotator cuff tears predominantly occur in the supraspinatus tendon [96]. Using rodent
models, the elastic modulus of the supraspinatus decreased by (72%) after 14 days of detachment, and was
likely associated with the increased area (200%) observed at the same time period (Fig. 2.3A, 2.3B) [34].
The thickening of the remaining tendons after injury is the physiological adaptive response of the remaining
tendons to the increased load that they bear. However, after 20 days of that detachment, modulus values
returned to pre-injury values.
This trend was different when both supraspinatus and infraspinatus were injured [22]. Interestingly,
supraspinatus area increased (33%) after 56 days of detachment and remained higher (26%) compared to
the control at 112 days (Fig. 2.3C) [22]. However, the modulus of elasticity of the supraspinatus tendon did
not change for any time period following for multi-tendon tears (Fig. 2.3D), in contrast to the results of the
single tear. Therefore, the mechanical change in supraspinatus seems to be dependent on whether or not it
alone is torn, or whether there are multiple tendon tears present.
While the supraspinatus tends to be the most common tendon torn, the infraspinatus was more sensitive
to multi-tendon tears than supraspinatus. When both infraspinatus and suprispinatus were torn, the modulus
of elasticity of the infraspinatus tendon changed: modulus of elasticity decreased at 28 days and increased
at 112 days, while stiffness increased only after 112 days (Fig. 2.3E, 2.3F) [22]. The rationale for why
infraspinatus is more sensitive to multi-tendon tears than supraspinatus is not clear and remains a point for
further investigation.
Experiments have also been conducted to investigate the effects of tendon repairs on tendon mechanical
properties [110, 111, 27, 84]. The supraspinatus tendon in rabbit was repaired immediately after detachment,
but both stiffness and peak load decreased after 7 days compared to the uninjured supraspinatus tendon
(52% for stiffness and 60% for peak load) [110]. Another study compared different repair time periods
(1, 2, 3 months delay repair) with control (uninjured) in rabbits [111]. Results showed that if the injured
supraspinatus tendon was repaired after 1 month of disruption, stiffness increased (19%) relative to control.
However, if repaired after 2 or 3 months of disruption, stiffness did not change paradoxically suggesting that
waiting to repair the tendon restores pre-injury stiffness levels.
Galatz et al. compared the effect of immediate and delayed repair (repaired after 3 weeks of detachment)
in rat supraspinatus tendon [27]. Area increased (46%) for delayed repair compared to immediate repair
when measured after 28 days of repair. Maximum stress decreased (80%) for the delayed repair group while
measured after 10 days of repair. Plate et al. also investigated the influence of age on immediate repair
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Figure 2.3: Change in supraspinatus tendon (A) area and (B) modulus of elasticity over time following
its injury in rat (n=10 for each data point). Change in supraspinatus tendon (C) area and (D) modulus
of elasticity over time following both supraspinatu and infraspinatus injury (n=12 for each data point).
Change in infraspinatus (E) area and (F) modulus of elasticity over time following both supraspinatus and
infraspinatus injury (n=12 for each data point). The X-axis represents the time after injury. The Y-axis
represents the properties. Closed and open symbols represent data for the control and injured tendons
respectively. * indicates statistically significant difference between control (uninjured) and injured tendon
[34, 22].
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of supraspinatus tendon in rats compared to control (uninjured) conditions [84]. For the older group (24
months of age), failure stress and peak failure load significantly decreased in the immediately repaired tendon
at both 14 and 56 days after repair compared to the control. In contrast, for a younger group (8 months
of age), failure stress and peak failure load of the immediate repair group only decreased after 14 days of
repair. Therefore, properties of the repaired tendon not only depend on the timing of the surgical repair,
but also on the age. Earlier repair providing better mechanical properties may lower the risk of the tendon
re-tear. Finally, results also showed that aging has a negative impact on the healing of the tendons.
Other species like canine and ovine also showed the change in tendon properties after tears [93, 20].
Studies have investigated the change in the properties of the infraspinatus muscle and tendon after disruption
[93, 20]. The stiffness and modulus of elasticity significantly increased in detached infraspinatus muscle after
84 days of detachment compared to uninjured muscle in canine [93]. Similarly, the modulus of elasticity
of the infraspinatus tendon increased after 42 days and 126 days of detachment compared to the uninjured
tendon in ovine (60% for 42 days, and 70% for 126 days) [20]
Different animal species including rat, rabbit, canine, and sheep have been used to evaluate the effects
of RCTs. However, Chaudhury et al. used human biopsy samples to measure the effects of RCTs [19]. The
storage modulus, calculated by dynamic shear analysis, showed that the torn tendons had significantly lower
modulus (20%) compared to normal tendons.
In summary, the increment or decrement of properties of the injured tendons and muscles not only
depends on the number of tears, but also on the time period after injury. Even after repair, the tendons
may experience changes in properties compared to control. These changes in tendon properties can further
affect the balance between muscle forces and passive stabilization and can lead to shoulder joint instability
and abnormal joint kinematics.
2.4 Effects of RCTs on tendon-bone interface
The tendon to bone insertion site consists of functionally graded tissue whose function is to transfer load
between the hard bone and soft tendon. Without this transitional area, high stress concentrations would
form at the interface of these two materials, leading to an increased potential for failure [107, 106, 30, 57].
The insertion site is divided into four zones: tendon, fibrocartilage, mineralized fibrocartilage, and bone [29].
Each zone contributes to the overall gradient in cell phenotype, tissue organization, tissue composition, and
tissue mechanical properties [97].
The studies on mechanical properties of insertion site that are reviewed in this chapter compared normal,
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healthy supraspinatus tendons to injured and repaired supraspinatus tendons. The repaired tendons were
tested after several weeks to observe the effect of time on the healing of the insertion site. Studies also
considered the effect of different activity levels on the healing process [105, 33, 81, 60, 29]. While the
measured properties varied with time and occasionally among activity levels, most properties changed from
their corresponding control values (Fig. 2.4) [105, 33, 81, 60, 29]. It is important to note that the control
measurements of Manning et al. [60] differ from the control measurements of Thomopoulos et al. [105]
and Gimbel et al. [33] even though test methods were similar. The studies showed that the quality of the
healing tissue differs for the normal insertion site even after an extended test period. This is consistent with
other studies that show that the normal four-zone insertion site does not reform once damaged [1, 26, 25,
92, 94, 102, 104, 105, 3, 4, 5, 107, 27, 72, 95]. All insertion studies that are reviewed in this paper used rat
shoulders as test specimens. While rat shoulders have anatomy and repair procedures comparable to the
human shoulder, the conclusions made in these studies cannot be directly applied to the humans [43, 105].
Another limitation of these studies is that the supraspinatus tendons were ‘detached’ or ’transected’ and not
torn by an acute traumatic or chronic degenerative process. These tendons were completely separated from
the humeral head, while many human patients experience only partial tears.
These studies of the insertion site measured apparent properties and do not account for changes in
properties along the tendon to bone insertion site. The insertion site was categorized as bone or tendon
compartments, and only viscoelastic measurements of the intact insertion site were considered [107]. While
the current studies focus on the properties of the insertion site after repair, no studies have tested the
damaged insertion site. Due to insufficient knowledge about the natural healing process of the insertion
site, little can be done to regenerate the normal tissue [29]. Therefore, it is necessary to investigate the
development of the normal four-zone insertion site.
2.5 Secondary effects of RCTs
The stability of the glenohumeral joint depends on the balance between static and dynamic structures
including the glenoid articular cartilage, glenoid labrum, ligaments, joint capsule, osseous structures, rotator
cuff muscles, and other muscle structures surrounding the shoulder joint. In healthy shoulders, these struc-
tures allow for concentric rotation of the humeral head on the glenoid surface. However, the loss of muscle
force due to RCTs likely leads to glenohumeral joint instability, and the articular surfaces are exposed to
abnormal joint mechanics. Therefore, in addition to the primary injured tendon, RCTs also have secondary
effects on the remaining intact tendons, cartilage, and ligaments of the shoulder.
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Figure 2.4: Change in insertion: A) Stiffness, B) area, and C) modulus of elasticity over time after operation.
The x-axis represents the time after injury and repair. Y-axis represents the properties. Each unique symbol
denotes a different study. All studies have been done using rodents and n indicates the number of the rodents
used in different cases. Closed symbols represent the control data for each study. Studies 1, 2, 3, 4, and 5
represent references [33], [29], [60], [105], and [81] respectively.
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2.5.1 Intact rotator cuff tendons
Due to the dependence between glenohumeral joint structures, tears in any of rotator cuff tendons
will eventually affect the properties of other surrounding intact rotator cuff tendons. Several studies have
shown that the mechanical properties of the infraspinatus and subscapularis tendons change due to tears
in surrounding rotator cuff tendons. Properties of the intact rotator cuff tendons were measured for both
control (uninjured i.e. no tears in surrounding rotator cuff tendons) and injured tendons (at least one of
surrounding rotator cuff tendons is torn). We calculated the percent change of intact tendon properties after
tearing in surrounding tendons relative to the control condition and summarized these findings graphically
in Fig. 2.5.
Single tear of supraspinatus
Detachment of the supraspinatus tendon caused changes in both structural and mechanical properties of
the infraspinatus and subscapularis tendons (Fig. 2.5A) [82]. The area of infraspinatus and subscapularis
tendons increased after 4 weeks and 8 weeks of detachment. However, the elastic modulus decreased and
the percent relaxation increased only after 8 weeks of detachment. No changes were observed for peak load
and equilibrium load [82].
Experiments have been performed to compare between normal cage activity and overuse activity of rats
due to supraspinatus tear. After supraspinatus tendon detachment, area and modulus did not change for the
infraspinatus and subscapularis [89]. Although supraspinatus is the most frequent torn tendon among rotator
cuffs, there are only two studies that measured the biomechanical effects of supraspinatus torn tendons on
surrounding intact rotator cuff tendons [82, 89].
Multi-tendon tear: supraspinatus and infraspinatus
Multi-tendon tears in both supraspinatus and infraspinatus also affected the properties of subscapularis
(Fig. 2.5B) [82], but to different degrees compared to the single-tendon tear. The initial (4 week) increase in
area of the subscapularis was nearly twice as high in the presence of both supraspinatus and infraspinatus
tears compared to a supraspinatus tear only. By eight weeks the change was less profound (68% in double
tear compared to 50% in single tear). The modulus decrease in the double tear was nearly identical to the
single tear scenario. Stiffness only decreased after 8 weeks and no changes were seen for percent relaxation,
peak load, and equilibrium load [82].
Comparing between normal cage and overuse activity in rats with multi-tendon tears (supraspinatus and
infraspinatus) showed that the elastic modulus decreased in the mid-substance of the lower subscapularis
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Figure 2.5: Change in (A) infraspinatus and subscapularis properties due to supraspinatus tendon de-
tachment (B) subscapularis properties after supraspinatus and infraspinatus tendons detachment, and (C)
infraspinatus properties and supraspinatus and subscapularis tendons detachment. Properties are expressed
as the percent change after the detachment compared to control (uninjured). 4 wks and 8 wks indicate
properties measured at 4 weeks and 8 weeks after injury. The squiggly lines near the tendon insertion
site represent tendon detachment. Properties above and below the solid lines indicate percent increase and
percent decrease from control respectively. ’nsd’ indicates no significant differences from control for that
property [82].
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and upper subscapularis, and insertion site of lower subscapularis for overuse activity group [91]. Also,
elastic modulus increased in the insertion site of upper subscapularis. However, area did not change for
any region of these tendons. In contrast, for a single tear, no changes were observed for both modulus and
area as mentioned earlier. Therefore, elastic moduli are affected by overuse activity if the infraspinatus and
supraspinatus are both detached.
Comparisons were also performed between single tear (supraspinatus) and multi-tendon tears (supraspina-
tus and infraspinatus) to measure the contributions of the additional tear compared to the single tear [90]. No
area changes were observed for lower subscapularis and upper subscapularis for multi-tendon tears compared
to single tendon tear. Elastic modulus decreased for the mid-substance region of the lower subscapularis and
upper subscapularis. However, the modulus increased for the insertion region only in the upper subscapularis
[90].
Multi-tendon tear: supraspinatus and subscapularis
The structural and mechanical properties in the infraspinatus changed due to tears in the supraspinatus
and the subscapularis (Fig. 2.5C) [82]. For the infraspinatus tendon, the area increased after 4 weeks and 8
weeks in a similar fashion as single tear. (For 4 weeks, 11% in double tear compared to 16% in single tear;
For 8 weeks, 35% in double tear compared to 37% in single tear). Modulus decreased and percent relaxation
increased after 8 weeks of detachment (For modulus, 22% in double tear relative to 26% in single tear; for
percent relaxation, 14% for double tear relative to 13% in single tear). Stiffness, peak load and equilibrium
load were not affected by multi-tendon tears, as was also reported for single tear. It is interesting that the
degree to which these properties are altered for multi-tendon tears are similar to single tear, and suggests
that detachment of subscapularis in addition to supraspinatus would not further change the infraspinatus
properties. In summary, the area of the intact tendons increased and modulus decreased after tears in
surrounding tendons.
Comparison between single tear and multi-tendon tears
While comparing between single tear and multi-tears, the area increased and modulus of elasticity de-
creased for infraspinatus and subscapularis irrespective of the number of the tears. However, the degree to
which these properties would change depends on the number of the tears. For example, changes in properties
in subscapularis was more for multi-tears compared to single tear. In contrast, the change in properties were
identical for single tear and multi-tears in infraspinatus. Furthermore, different degrees of loadings have
significant contributions on how these properties are changed.
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2.5.2 Cartilage
The effect of supraspinatus and infraspinatus tears on cartilage thickness and elastic modulus has been
evaluated using rat models. Glenoid cartilage thickness decreased in the antero-inferior region after the
detachment of the supraspinatus and the infraspinatus tendons, while the elastic modulus decreased over
a larger region of the glenoid (Fig. 2.6) [88]. Reuther et al. reported that after 8 weeks of supraspinatus
tendon detachment, within the overuse activity rat group, the equilibrium modulus increased significantly
in antero-inferior and superior regions of glenoid cartilage compared to normal cage activity group [89].
But no change in thickness was observed in any regions. However, for detachment of supraspinatus and
infraspinatus tendons together, the cartilage modulus decreased in the center and posterior-superior regions
in the overuse activity group [91].
Figure 2.6: Thickness and Elastic Modulus change in glenoid cartilage after RCT. nsd indicates no sta-
tistically significant difference after multi-tendon tears (supraspinatus and infraspinatus) compared to the
control (uninjured). ↓ indicates statistically significant decrease after multi-tendon tears compared to the
control [88].
The detachment of the biceps tendon in addition to multi-tendon tears (supraspinatus and infraspinatus)
also reduced glenoid cartilage thickness in the anterior-inferior region, with no change in elastic modulus [103].
However, the elastic modulus decreased in the center of the glenoid for multi-tendon tears (supraspinatus and
infraspinatus) compared to supraspinatus tendon tear [90]. Current studies only show the effect of rotator
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cuff injuries on glenoid cartilage mechanics for rats, no properties data available for human glenohumeral
cartilage.
Previous studies have suggested that there is a correlation between the glenohumeral joint arthrosis
and tear/atrophy of the rotator cuff [42, 113, 85, 83, 46]. However, the exact pathogenesis of how the
articular cartilage degeneration occurs is not well understood. Therefore, further investigation is necessary
to understand the cartilage degeneration process during the progression of RCTs.
2.5.3 Ligament
There are four ligaments surrounding the glenohumeral joint: coracohumeral, superior glenohumeral,
middle glenohumeral, and inferior glenohumeral (Fig. 2.1D) [36, 58]. These ligaments are chracterized as a
thickening of the glenohumeral capsule. Yet, changes in mechanical and geometric properties due to RCTs
are only available for the coracoacromial ligament (CAL), which extends between the coracoid process and
acromion of the scapula. No studies have evaluated the effects of RCTs on the mechanical properties of
superior, middle, and inferior glenohumeral ligaments. Human cadaveric studies have reported how the
CAL properties changed for RCT for different age groups (Table 2.1) [100, 24]. The thickness, width, and
area of the medial band of the CAL did not change for any age groups after RCT; however, the length of
the medial band decreased 18% in younger subjects.
Table 2.1: Changes in ligament properties after RCT (nsd = no significant difference; - decreased






Length -17.68% nsd -21.43%
Area, Width, Thickness nsd
Coracoacromial
(lateral band)
Length -14.91% -21.76% -16.41%
Area nsd +50% +36.67%
Width, Thickness, Stiffness,
Failure load & displacement,
Total failure strain
nsd










Whether or not the medial band length differs in older subjects after RCT is less clear: one study reported
decreased length [24] while another showed no change in length [100]. The length and area of the lateral
band of the CAL have been shown to be sensitive to RCTs. Similar to the medial band, the length of the
lateral band consistently decreased after RCT. In contrast to the medial band, area increased after RCT in
subjects over 60 years of age. For older groups, the total and ligamentous modulus were significantly lowered
after RCT [100]. There were no changes in width, thickness, stiffness, failure load/displacement, total or
ligamentous failure strain after RCT.
There are five types of CAL for the human shoulder joint: Y-shaped (2 bands), broad-band (1 band),
quadrangular (1 band), V-shaped (2 bands) and multiple-banded [47]. Comparing these five types with
RCT, no statistical relations were found between types or geometric measurement of these CAL and RCT.
However, if these five types were divided into two groups based on bundle numbers like unique bundle
(broad-band and quadrangular) and more than 1 bundle (Y-shaped, V-shaped, and multiple-banded), CAL
with more than 1 bundle showed a significant association with RCT with a longer lateral border and larger
coracoid insertion [47].
In addition to mechanical testing, several other methods have been used to measure the elasticity of
ligaments. Kijima et al. measured the strain ratio, defined as the ratio of strain of CAL to that of the
RCT, as an index of the elasticity of CAL by ultrasound elastography. Here, the higher strain ratio indicates
that the CAL is softer. The strain ratio of CAL with RCT (23.75 ± 15.05) was higher than that of the
older ligaments without rotator cuff tear (12.62 ± 7.94) suggesting that the CAL softens in the presence
of RCT [49]. Scanning acoustic microscopy has also been used to measure the speed of sound through the
CAL, which is directly proportional to the square root of the Youngs modulus [48]. Using this method, the
modulus of the CAL in those with the RCT was higher than without the RCT group.
2.6 Conclusions
2.6.1 Risk factors associated with RCTs
While RCTs can occur during traumatic events such as a fall or an accident, most tears develop gradually
[40]. The risk of rotator cuff tears increases with age [98, 99, 45], and more than half of the population over
60 years of age is currently living with some degree of rotator cuff injury [45]. Arm dominance and gender
have not been correlated with risk of RCT [65]; however, women have worse rotator cuff repair outcomes
over time than men based on postoperative pain and level of abduction [98]. Individuals who have a history
of cigarette smoking or have higher body mass index have also been shown to be at increased risk for RCT
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[120]. Athletes who perform high stress repetitive motions at the shoulder are more prone to developing
RCTs [40], but the majority of injuries occur in the lay population and often stem from work-related injuries.
The distinction between sport and occupational tears becomes blurred when the mechanism behind the tears
is considered.
A number of workplace risk factors have been identified for RCTs including large and sudden forces,
heavy lifting, extensive overhead activity, repetitive or long duration actions, and vibration. A recent review
paper [2] compiled an extensive list of reported odds ratios and confidence intervals associated with rotator
cuff tears as a function of activity types. We extracted the odds ratios and grouped them according to the
following risk factors: repetition, duration, vibration, force, posture and heavy physical work (Fig. 2.7) [2].
A one-way ANOVA with Tukey post-hoc analysis was conducted to determine if there was a statistically
significant difference in the risk factors (α = 0.05) (OriginPro 2015, OriginLab Corporation, Northampton,
MA, USA). Repetition had the highest odds ratio (4.22) while vibration had the lowest average odds ratio
(2.46) (Table 2.2) [2]. There was a wide range of odds ratios within any given risk factor, and comparisons of
the means across risk factors did not reveal significant differences between risk factors. Differences in study
methodologies and variations in risk factors (such as high vibration vs. low vibration tool use) may partly
explain this variability.
Table 2.2: Quantitative summary of odds ratios associated with risk factors shown in Figure 2.7.
(N=number of studies, SD=standard deviation, SE=standard error) [2].
Risk factor N Mean SD SE of Mean
Repetition 10 4.22 2.32 0.73
Duration 7 4.01 3.43 1.30
Vibration 13 2.46 0.92 0.25
Force 10 3.29 1.01 0.32
Posture 20 3.19 1.34 0.30
Heavy Physical Work 10 2.96 1.25 0.39
Limited studies have aimed to understand rotator cuff tears in the populations that experience tears
most: occupational workers in comparison to athletes, the latter of which have a unique anatomy and
physiology. Understanding the compensatory effects of injury to a rotator cuff tendon/tendons on the
remaining uninjured tissue is important both from a clinical perspective and, in the cases of a Worker’s
Compensation claim, the medical legal perspective. Localizing the time that the injury occurred can have
the obvious benefit of elucidating causality in a Worker’s Compensation claim.
21
Figure 2.7: Distribution of statistically significant odds ratios with rotator cuff tears as a function of risk
factors [2].
2.6.2 Improving the treatment of RCTs
RCTs are one of the most common injuries affecting the upper extremity with variable success rate in
repair surgeries. Animal species (rat, rabbit, sheep, canine) are considered as the most appropriate models
and have been used in understanding the consequences of RCTs. However, none of them can exactly replicate
the human shoulder. Although studies on the effect of RCTs have made considerable progress in the last
few decades providing the biomechanical alterations in animals, still there are some limitations; specifically,
how the properties of the soft tissues (intact tendons, ligaments, and cartilages) will be altered for humans.
Many studies focus on RCTs from the point of injury forward (diagnosis, classifications, repair, etc.),
and it is widely appreciated that the degree of return to pre-injury functional activities is related to both
the rehabilitation protocol as well as the treatment intervention [117]. Ideally, post-intervention decisions
are made in concert between (1) the surgeon whom initially prescribes which activities of daily living the
patient can resume and (2) the physical therapist prescription of rehabilitation protocols. However, these
recommendations are variable with respect to timing and progression [12, 32, 101, 79], and in many cases
can be based on clinical experience rather than quantitative data [117].
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The successful repair of RCTs requires understanding how the primary and secondary consequences might
affect the shoulder joint stability and function. Furthering the understanding of the tissue biomechanics of
the shoulder girdle is essential to improving the care delivered to patients. The natural history of shoulder
pathology is very complex as changes in the anatomy and dynamic stability of the shoulder, as a result
of specific pathologies, is an area where there is disagreement and at times controversy within the clinical
community. For instance, the role of the Long Head of Biceps in humeral head position is not well defined.
Understanding this role would have a direct effect on surgical decision making, such as whether performing
a tenotomy during rotator cuff repair is warranted.
Recently, the reconstruction of the superior capsule for complete rotator cuff tear has received more
attention. However, the biomechanics of this surgery are not well defined and would assist in understanding
the surgery further. Surgical planning for the shoulder is highly dependent on understanding the static and
dynamic biomechanical issues in the normal and pathologic shoulder. Finally, in terms of rehabilitation,
some patients with massive rotator cuff tears do well with treatment by physical therapy alone while others
go on to a pseudoparalysis and have a nearly nonfunctional shoulder. These contrasting outcomes indicate
that in some cases, the remaining tissues in the shoulder complex can work towards stabilizing the joint
but the mechanisms behind this is not understood. Understanding the biomechanics including adaptive
reconfiguration of the remaining soft tissues in this situation would be helpful in identifying those patients
that may benefit most from specific post-surgery rehabilitation.
Identifying changes in the mechanics after RCTs with development in tissue engineering will allow re-
searchers to improve the current surgeries available to treat rotator cuff tears. Future research should aim
to elucidate the effects of RCTs on human tissues to better the understanding of RCTs on human shoulder
function and develop better treatment algorithms.
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Chapter 3
Pilot study of porcine ligament to
compare between 2d and 3d surface
strain measurement
3.1 Summary
The characterization of biological tissues depends on accurate measurements of deformation and strain,
but less attention has been given to the role of out-of-plane deformation in ligament strain. The objective
of this study was to investigate the influence of out-of-plane deformation on surface strain measurements
in healthy and damaged ligaments. Tensile tests on five porcine posterior cruciate ligaments (PCL) were
performed before and after damage using the femur-PCL-tibia construct. Damage was simulated by loading
the ligament to its maximum force capacity. Digitized surface dots were tracked using an optical motion
capture system. The transverse strain (εxx), longitudinal strain (εyy), and shear strain (γxy) distributions
on the ligament surface were obtained for the control and damaged states using two-dimensional (2d) strain
and three-dimensional (3d) strain measurements. There was no significant difference between the 2d and
3d strains in the control state for all three strains. However, the value and location of the peak strain
values (tensile and compressive) in ligament surfaces did change. The 2d peak tensile strain was both over
and under-estimated, compared to 3d strain, when out of plane deformation was included for εxx and εyy;
but consistently overestimated for positive γxy. The percentage of damaged regions, quantified as a loss in
tensile strength, after damage was overpredicted by 2d strain for εyy. Care should be taken when using 2d
surface strain as peak values and local damage is sensitive to out-of-plane deformation. 1
3.2 Motivation
Injuries to ligaments are a common occurrence specifically among the athletes and more physically ac-
tive populations. Posterior cruciate ligament (PCL) rupture occurs in 5-20% of all acute ligament knee
injuries and causes pain, swelling, instability, and functional disability of the knee joint [55, 61]. The accu-
rate measurement of displacement and strain is critical to characterize biological tissues, organs, and their
1Portions of this chapter have been published: Rahman H, Kersh ME. The effect of out-of-plane deformation on surface
strain measurements. Open Science Framework, osf.io/r5gyq, 2017
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interactions with biomedical devices [77]. In the case of ligaments, as well as several other musculoskeletal
tissues, this characterization is challenging due to their inhomogeneous and anisotropic nature. A precise
full field measurement of ligament strain is necessary to help identify local strain concentrations and regions
susceptible to damage [77]. This information can then be used to evaluate structure-strength relationships
at different length scales and inform the development of engineered materials designed to replace damaged
ligaments.
Several methods have been used to measure the ligament and capsule strain distribution such as pho-
toelastic coating, high speed films, dye lines, marker bead etc [41, 51, 73, 87, 123]. In most cases, the strain
measurement is based on in-plane deformation; neglecting the out-of-plane deformation and reports of strain
is limited to the axis of loading [59]. Digital image correlation (DIC) is a technique that can measure both
two-dimensional (2d) and three-dimensional (3d) surface strain [59] but care is needed to optimize the sur-
face preparation, hardware, and software settings to obtain accurate and precise measurement of strain [77].
However, from the existing literature, it is not clear if the inclusion or exclusion of out-of-plane deformation
has any effect on the ligament surface strain calculations and no comparisons have been made to determine
the accuracy of a 2d approximation.
Therefore, the goal of this study was to investigate the contribution of out-of-plane deformation on the
measurement of PCL surface strains. We sought to identify if the out-of-plane deformation affects the surface
strain calculations and assessment of local damage. A simple and non-invasive digitized surface dot marker
method was used to measure the transverse, longitudinal, and shear strains on the ligament surface with
and without out-of-plane deformation for both the control and damaged states.
3.3 Materials and methods
3.3.1 Specimen preparation
Porcine knee specimens (n=5, six months old) were collected from the Meat Science Laboratory at the
University of Illinois and stored at -20◦C. Specimens were thawed at room temperature overnight before
dissection. All soft tissues were carefully dissected without disturbing any part of the PCL or its bony
insertion sites leaving a bone (femur) - ligament (PCL) - bone (tibia) construct (Fig. 3.1A). The PCL was
moistened with phosphate-buffered saline (PBS) solution during the dissection, specimen preparation, and
mechanical testing to prevent dehydration.
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Figure 3.1: (A) The posterior view of the knee joint after dissecting all soft tissues except the PCL and
leaving a bone (femur) - ligament (PCL) - bone (tibia) construct, (B) experimental testing setup with potted
knee specimen including the Optotrak markers to measure the strains, (C) twenty-one dots marked on the
ligament surface to measure the local strain and then strain distribution maps, seven rows in the transverse
direction and three columns in the longitudinal direction along the PCL, and (D) transverse and longitudinal
local strains were calculated between the markers along the transverse and longitudinal directions as shown
by black arrows. Local shear strain was calculated by the angular deformation of the plane formed by four
adjacent surface dots from the longitudinal and transverse directions as shown by green arrows.
3.3.2 Experimental setup
Biomechanical testing was performed using a materials test machine (Instron Model 5967, Instron Cor-
poration, Norwood, MA, USA). A custom fixture was developed to mount the femur-PCL-tibia construct
in the test machine. The femur and tibia were aligned as close to full extension as possible and embedded
with a fast curing epoxy (Fig. 3.1B). Twenty-one surface dots were marked in a grid using permanent ink
along the ligament surface (Fig. 3.1C). The dots were digitized using an optical motion capture system with
an accuracy of 0.1 mm (Optotrak Certus, Northern Digital Inc., Waterloo, Canada) to record the three-
dimensional coordinates (x, y, and z ). The repeatability of digitizing landmarks was 0.147 mm; therefore
displacements below 0.15 mm were excluded.
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3.3.3 Biomechanical testing
Testing for each specimen was performed in three steps: (1) pre-damage strain, (2) damage simulation,
and (3) post-damage strain. The initial position of the construct was defined as the reference position, and
all three steps were started from this reference position. First, the PCL insertion sites and surface dots of
the pre-damage ligament (herein referred to as the control state) were digitized prior to testing. Specimens
were preconditioned with 5 loading-unloading cycles of displacements from 0 to 1.5 mm at an extension
rate of 50 mm/min. Next, the specimen was loaded to 100 N at 50 mm/min ensuring that the ligament
stiffness remained in the elastic region. Immediately once the specimen reached 100 N, the PCL insertion
sites and surface dots were digitized again to obtain the final positions. The specimen was then returned to
the reference position.
During the second step, we permanently deformed the ligament to induce damage. The specimen was
again preconditioned and the construct was loaded at 50 mm/min until it reached the maximum load. The
load-deformation curve was monitored during testing and the test was stopped as soon as the load began to
decrease from maximum load. Finally, the damaged ligament was loaded again from the reference position
using the same protocol as in the first step (loaded to 100 N). The PCL insertion sites and surface dots were
re-digitized at the reference and loaded position.
3.3.4 Strain distribution map
We calculated the transverse strain (εxx), longitudinal strain (εyy), and shear strain (γxy) before and
after simulated damage. The local transverse strain was calculated as the change in length between two
surface dots in the transverse direction divided by their initial length (Fig. 3.1D). Transverse strain among all
surface dots was calculated and a distribution map was obtained by interpolating the strain over the surface
of the ligament using custom software (Matlab R2017, Mathworks Inc., Natick, MA, USA). Similarly, the
longitudinal strain map was obtained between two surface dots along the longitudinal direction (Fig. 3.1D).
In the case of shear strain, two direction vectors were identified using four adjacent surface dots from the
longitudinal and transverse to form a plane (Fig. 3.1D). Local shear strain was calculated from the angular
deformation of the plane and finally the shear strain distribution map was obtained.
For all three types of strains (transverse, longitudinal, and shear), strain distribution maps were obtained
for 2d strain and 3d strain for both control and damaged states. For 2d strain, the local strain between two
surface dots was based on the ‘x ’ and ‘y ’ coordinates and the out-of-plane coordinate ‘z ’ was omitted thus
representing only in-plane deformation. The ‘z ’ coordinate was included for 3d strain calculations between
the two surface dots. A paired-sample t-test was used to determine differences between the 2d strain and 3d
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strain in control state for all three types of strains (εxx, εyy, γxy) (OriginPro 2018, OriginLab Corporation,
Northampton, MA, USA). Significance was set at p <0.05 and trends at p <0.1.
3.3.5 Changes in peak strain and identification of damaged regions
To assess the sensitivity of peak strain to the inclusion of out-of-plane deformation we calculated the
percent change of peak strain values from 2d strain to 3d strain in the control state. Only the tensile peak
strain was considered for transverse and longitudinal strains. However, for peak shear strain, we calculated
percentage changes for both positive and negative shear. To determine whether the assessment of damage
varies when using 2d or 3d strain measurements, we compared the percentage of damaged regions in each
ligament for longitudinal strain. Damage was defined as regions with a loss in tensile strength; that is those
areas initially in tension but observed to be in compression, indicating that those regions are no longer
taking tensile loads. The percentage of damaged regions was calculated as the ratio of the number of these
damaged regions to the original number of tensile regions in the control state.
3.4 Results
There was no significant difference between the 2d and 3d strains in the control state for all three strains.
However, two out of five specimens showed an increasing trend for εxx (specimen 3, p = 0.06 and specimen
4, p = 0.072) whereas one specimen had increasing trend for εyy (specimen 5, p = 0.098) when using 3d
strain measurements.
Overall the strain distribution maps (between 2d and 3d control; between 2d and 3d damaged) were
similar except the values and locations of peak strains varied (Fig. 3.2). Change in peak location was more
common for compressive strain compared to tensile strain. When out of plane deformation was included, the
peak transverse tensile strain (εxx) increased in three specimens (mean increase = 71.17%) (Fig. 3.3A). For
longitudinal strain (εyy), only one specimen resulted in increased strain (64%) (Fig. 3.3B). However, the peak
positive shear (γxy) increased for all five specimens and peak negative shear decreased (Fig. 3.3C, 3.3D). In
terms of damage, the 2d longitudinal strain measurements overestimated the percentage of damaged regions
in four specimens and one specimen was underestimated (Fig. 3.4).
3.5 Discussion
The aim of this work was to understand the effect of out-of-plane deformation on ligament surface strain.
While several methods exist to measure the surface strain of biological tissues, we utilized a simple and
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Figure 3.2: (A) Transverse, (B)longitudinal, and (C) shear strain distirbution maps on the ligament surface
of specimen 2 for 2d and 3d strains in both control and damaged stages. The location of the tensile and
compressive peak for transverse and longitudinal strains was represented by solid arrow and dash arrow
with magnitudes respectively. For shear strain, solid arrow and dash arrow represent the peak location for
positive and negative strains respectively.
non-invasive digitized dot marker with an optical motion capture system to assess the 2d and 3d strains on
ligament surface.
Our results show that statistically there was no significant difference between the 2d and 3d strains
in control states, but the value and position of the tensile and compressive peak strains changed. For
shear strain, positive peak increased more than 300% for three specimens whereas negative peak decreased
more than 100% for four specimens. Although the average strain distributions across the surfaces was not
significantly different between 2d and 3d measurements, the change in peak values may increase in certain
specimens causing higher local strain concentrations.
Previous studies have shown that the shoulder and knee ligaments are often ruptured near the insertion
sites [6, 8, 52, 74]; typically, the common regions where the higher strain occurs in the ligaments compared
to mid-substance [8, 17, 51, 73, 123]. Therefore, neglecting the out-of-plane deformation may mask the
actual strain value and earlier failure may occur than expected based on 2d strain. Furthermore, all five
specimens for εyy showed different percentages of damaged regions when compared between the 2d and 3d
strains; indicating that the 2d strain may not accurately predict whether the local regions are in tension or
compression before and after damage.
The strain distribution maps suggest that transverse, longitudinal, and shear strains are nonuniformly
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Figure 3.3: The percentage change in peak strain values from 2d strain to 3d strain in control states for
(A) tensile peak for transverse strain, (B) tensile peak for longitudinal strain, (C) positive peak for shear
strain, and (D) negative peak for shear strain. S1 to S5 represent the five specimens. The percentage change
in tensile peak strain for transverse and longitudinal strains may increase or decrease from specimen to
specimen; but positive peak in all five specimens for shear strain increased and negative peak decreased.
distributed on the ligament surface. Most previous studies only report the longitudinal or transverse strain
[59] and our results show that shear strain maps are similarly nonuniform. Although ligament shear strain
receives less attention in literature, the shear deformation of the ligament surface was sensitive to damage;
four out of five specimens had a four-fold increase in either positive/negative peak shear from control to
injured states (for 3d shear strain) indicating angular deformation occurs on the ligament surface during
damage.
Since ligament strain is heterogeneous with some regions stronger than others, care should be taken during
the development of the ligament reconstruction grafts or even during the ligament repair so that the ligament
can sustain the non-uniform load including non-tensile loading directions. These local mechanics are likely
linked to more locally intrinsic micro-structural or compositional properties of ligaments. This variation
may be due to differences in collagen fiber distribution, alignment, and cross-linking [18, 68, 119, 122].
The variation in strain may also be a result of the compositional contributions of water, collagen, and
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Figure 3.4: The percentage damaged regions from control to damaged states for longitudinal strain. S1 to
S5 represent the five specimens. The grey bar represents the 2d strain whereas the white bar represents the
3d strain. The 2d strain overpredicts the percentage damaged regions in four specimens.
glycosaminoglycan (GAG) [23, 51]. Further research to measure the local mechanical response and micro-
structural analysis would be useful to explain the inhomogeneity and microstructure-function relationships.
The current study has several limitations. First, we chose animal ligament (porcine PCL) for this
biomechanical testing with a nominal sample size. We did not test the ligament at different flexion angles.
Biomechanically, during flexion, the PCL experiences a different set of forces than those imposed by this
study and likely results in a different inhomogeneous force distribution. Furthermore, the method used to
simulate damage is different than hypothesized physiological injury conditions. Future studies on ligaments
with full volumetric displacement measurement and physiological boundary conditions are necessary to
understand the through thickness surface strain distribution as it relates to specific mechanisms of ligament
rupture.
In conclusion, we have investigated the sensitivity of out-of-plane deformation on surface strain measure-
ment. The use of 2d surface measurements is likely sufficient for elastic testing as evidenced by the similarity
in the strain maps prior to damage. However, in some cases the peak strain may change and mask higher
localized strain due to the omission of out-of-plane deformation. 2d strain in local regions also could be
misleading while analyzing ligament damage.
31
Chapter 4
Regional strain variation in the
glenohumeral capsule during forward
reach and functional pull
4.1 Motivation
The shoulder is among the most mobile joints in the body allowing for significant range of motion in
multiple planes. While there are several smaller joints in the shoulder, the glenohumeral (GH) joint is the
main shoulder joint. The GH joint is made up of the humerus and scapula bones and considered a ball
(humeral head) and socket (glenoid fossa) joint. The shallowness of the glenoid fossa and relatively uncon-
strained connection between the bones result in tremendous mobility but also increased risk of dislocation of
the joint. The GH joint stability is a function of active muscle forces balanced by passive stabilizing tissues
including the bony geometry, glenoid labrum, and GH joint capsule [121].
The GH joint has three rotational degrees of freedom: (1) abduction/adduction, (2) flexion/extension,
and (3)internal/external rotation (Fig. 4.1). Abduction/adduction are motions of the arm that occur in
the frontal planes. Moving the arm laterally away from the body is known as abduction while bringing
the arm toward the body is called as adduction (Fig. 4.1B). Flexion and extension take place in sagittal
plane involving the anterior and posterior movements of the arm. The movement in the anterior direction
is known as flexion whereas movement in the posterior direction is known as extension (Fig. 4.1A). During
the internal and external rotation, the arm (humerus) rotates around its long axis that moves the anterior
surface of the arm toward or away from the body. If the anterior surface of the arm moves toward the body
is called internal (medial) rotation. In contrast, if the anterior surface of the arm moves away from the
body is called external (lateral) rotation (Fig. 4.1B). Abduction and flexion account for the largest ranges
of motion (170◦ ± 10.8◦ and 164◦ ± 10.2◦, respectively) compared to extension (81◦ ± 11.3◦). The shoulder
joint can rotate more internally (86◦ ± 4.6◦) than externally (67◦ ± 11.3◦) [14].
The GH capsule is a continuous sheet of ligamentous tissue (Fig. 4.2) [69, 119] and considered as the
primary passive stabilizer providing the anterior and posterior stability of the shoulder joint during motion
[7, 76]. Different regions of the GH capsule are loaded and unloaded during motion, and the stability of
the joint provided by the capsule is dependent on the position of the shoulder [15, 21, 39, 70, 71, 112]. For
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Figure 4.1: Three rotational degrees of freedom in shoulder joint: (A) flexion-extension in the sagittal plane,
(B) abduction-adduction in the frontal plane and internal-external rotation about the long axis of the arm.
example, the anterior band and auxiliary pouch of the inferior glenohumeral ligament (IGHL) are under
the highest strain during abduction and external rotation whereas the posterior band of the IGHL has the
greatest strain in flexion and internal rotation [115].
Figure 4.2: (A) Anterior view of the GH capsule with anterosuperior region, anterior band of inferior
glenohumeral ligament (AB-IGHL), and axillary pouch highlighted with red border, (B) posterior view of
the GH capsule with posterior region, posterior band of inferior glenohumeral ligament (PB-IGHL), and
axillary pouch highlighted with red border [119].
Several studies have characterized and measured the mechanical properties of different regions of the GH
capsule [6, 11, 53, 63, 62, 108, 109]. The mechanical properties of the GH capsule have been also quantified
after the anterior dislocation [13]. However, the measurement of GH capsule strain has been limited to only
isolated rotational degrees of freedom.
The loading state on the GH capsule for activities of daily living (ADL) will likely be different than
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those imposed by only abduction or flexion. Further, the kinematics of the normal shoulder joint is different
for several ADL suggesting that the GH capsule may experience different loading conditions based on the
functional tasks [118].
Assessing the capsule during ADL will help elucidate it’s contribution to shoulder joint stability and
identify regions of the capsule that may be more prone to injury. To the best of our knowledge there have
been no studies evaluating the GH capsule strains during functional tasks. Therefore, the purpose of this
study was to quantify the regional strain variation in the anterior and posterior GH capsule during two
functional tasks: forward reach and functional pull.
4.2 Materials and methods
4.2.1 Specimen preparation
Five fresh-frozen human cadaveric shoulders (donor age 61± 5 years, range 54 - 68, all males, right hand
dominant, right shoulders) were stored at -20◦C. The donors had no known previous shoulder disease, injury
or musculoskeletal disorder affecting the upper extremities. Specimens were thawed at room temperature
for 24 hours before dissection. All soft tissues were carefully dissected from the humerus and scapula while
avoiding disturbance to the glenohumeral capsuloligamentous complex leaving a humerus (H) - glenohumeral
capsule (C) - scapula (S) construct (H-C-S) (Fig. 4.3). The GH capsule was moistened with phosphate-
buffered saline (PBS) solution during the dissection, specimen preparation, and biomechanical testing to
prevent dehydration.
4.2.2 Experimental setup
The glenohumeral joint motion or kinematics can be expressed as three rotational degrees of freedom
(elevation plane, elevation, axial rotation). The elevation plane corresponds to flexion/extension whereas the
elevation means abduction/adduction. The axial rotation corresponds to internal/external rotations. There-
fore, in order to replicate glenohumeral joint kinematics for activities of daily living, the testing setup needs
to have three rotational degrees of freedom. In the present study, biomechanical testing was performed using
a 5-axis (three translational, two rotational) computer numerical control (CNC) actuator (ChinaCNCzone).
For shoulder motion, the elevation and rotational axes are prescribed directly within the available rotation
degrees of freedom within the CNC (see green and orange axes in Fig. 4.4A). To allow for the third degree
of freedom, elevation plane, a custom acrylic fixture was then developed and mounted on the CNC bed
(Fig. 4.4B). The rotational axes of the default GH joint and the GH joint during in-vitro testing in CNC
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Figure 4.3: The anterior view of the GH joint after dissecting all soft tissues except the GH capsule and
leaving a humerus - glenohumeral capsule - scapula construct.
bed were not identical (Fig. 4.4C). The OO’ was the default GH joint rotational axis and PP’ was the GH
joint rotational axis during the in-vitro testing. Therefore, the rotational degree of freedom for elevation
and elevation plane were decoupled into two translational components assuming small angle increments of
motion as shown in Fig. 4.4C. z was the translational component along superior-inferior direction (Fig. 4.4C).
y was the translational component along medial-lateral direction for elevation and along anterior-posterior
direction for elevation plane (Fig. 4.4C). The humerus pot was placed inside an outer through ball bearings
pot to allow for rotation replicating the elevation plane (Fig. 4.4D).
4.2.3 Kinematics conversion to G-code
In vivo kinematics of control (healthy) subjects were obtained from a previous study by Vidt ME et
al [118]. The kinematics were expressed as three rotational degrees of freedom: elevation plane, elevation,
and axial rotation. Elevation in the 0 elevation plane was defined as abduction, whereas elevation in the
90 elevation plane was forward flexion [118]. Positive axial rotation was defined as internal rotation and
negative axial rotation as external rotation [118].
We obtained the kinematics data for two daily activities: (1) Forward reach and (2) Functional pull [118].
Forward reach started when the humerus was in 0◦ elevation in 90◦ elevation plane (sagittal plane); 2 lb
dumbbell was resting on a table, the subjects first reached with the weight to a distance of 80% of forearm
length; and then returned the hand to the starting position to finish the activity (Fig. 4.5) [118]. In contrast,
the functional pull started when the humerus was elevated in 90◦ elevation plane (sagittal plane) so that
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Figure 4.4: (A) 5-axis CNC machine; green, red, and orange lines represent elevation (abduction/adduction),
elevation plane (flexion/extension), and axial rotational (internal/external rotation) axes respectively, (B)
a custom fixture consisting of acrylic plate with an outer holder pot to allow for elevation plane degree of
freedom, (C) decoupling the rotational degree of freedom into translational degrees of freedom. z was the
translational component along superior-inferior direction. y was the translational component along medial-
lateral direction for elevation and along anterior-posterior direction for elevation plane, and (D) humerus
was potted in a pot and placed inside an outer pot through the ball bearings.
the subjects hand reached to a distance of 80% of forearm length; then holding the handle from a weight
machine (6 lb resistance), pulled the handle until the humerus reached to 0◦ elevation in 90◦ elevation plane;
and finally returned the hand to the starting position to end the activity (Fig. 4.6) [118]. For both activities,
the kinematics were expressed as a percentage [118]. Therefore, 0% and 100% represented the start and end
of the activities respectively. For forward reach, 50% corresponded when the humerus reached to a distance
of 80% of forearm length (Fig. 4.5); however, 50% of functional pull indicated when the humerus was at 0◦
elevation in 90◦ elevation plane (Fig. 4.6) [118].
G-code inputs to the CNC machine were generated using custom software (MATLAB R2017a, Mathworks
Inc., Natick, MA, USA) by converting the three rotational kinematics into the corresponding CNC kinematics
(rotational and translational components). This data was then applied to simulate the forward reach and
functional pull movements.
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Figure 4.5: Three rotational kinematics (elevation plane, elevation, and axial rotation) during forward reach
[118].
4.2.4 Digital image correlation technique
Strain on the GH capsule was measured using digital image correlation (DIC) technique. DIC is an
optical, non-contact technique that can measure full field displacements and strains of surface deformations.
In this study, two-dimensional (2D) DIC was performed for all specimens. Black ink (Rust-Oleum) was
sprayed by flicking the bristles of a toothbrush on the anterior and posterior regions of the GH capsule to
create a random speckle pattern (Fig. 4.7). Images of the GH capsule during each kinematic trajectory was
collected using a high speed camera (Panasonic Lumix FZ200, frame rate = 120 Hz).
4.2.5 Biomechanical testing
After creating the speckle pattern, the distal part of the humerus and medial border of the scapula were
potted into the fixtures using fast curing epoxy. Then, the H-C-S construct was mounted into the CNC
actuator (Fig. 4.7). A six degree of freedom load cell (ATI Industrial Automation, Apex, NC, USA) was
rigidly mounted between the scapula fixture and CNC machine to record the shoulder joint reaction force
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Figure 4.6: Three rotational kinematics (elevation plane, elevation, and axial rotation) during functional
pull [118].
(sampling frequency = 120 Hz) (Fig. 4.7). For each specimen, two kinematics (forward reach control and
functional pull control) were applied. Two high speed cameras were used to record the speckle pattern of
the anterior and posterior GH capsules and a third camera recorded the applied CNC motion at the same
frequency. All three cameras were synchronized together such that the GH capsule position at different
percentages of movement could be analyzed.
4.2.6 Data analysis
For all motions, the images were extracted from 0 to 100 percent movement at 10 percent intervals; thus
a total of 11 images were obtained for each kinematic trajectory. The first image at 0 percent movement was
used as the reference image and strains from 10 to 100 percent were calculated based on this reference image.
These images were analyzed using an open-source software (NCORR DIC Matlab plug-in) to obtain the full
field strain distributions of the GH capsule [9]. The output strains were extracted as Green-Lagrangian
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Figure 4.7: Humerus - glenohumeral capsule - scapula construct was mounted into the CNC actuator and
magnified view of the anterior capsule with random speckle pattern.
strains in two components: (i) medial-lateral strain and (ii) superior-inferior strain.
To identify when during the kinematic trajectory the peak strain occurred, the motion for each activity
was divided into five steps: (i) Initial step: (0-20)% of movement, (ii) Intermediate 1 - between initial step
and middle step: (21-40)% of movement, (iii) Middle step: (41-60)% of movement, (iv) Intermediate 2 -
between middle step and final step: (61-80)% of movement, and (v) final step: (81-100)% of movement
(Fig. 4.8A).
The spatial distribution of strains was analyzed by dividing the anterior and posterior sides of the GH
capsule into three regions along superior-inferior direction (superior, middle, and inferior) and three regions
along medial-lateral direction (humeral, mid, and glenoid) (Fig. 4.8B). Thus, each anterior and posterior
sides of the GH capsule was divided into nine sub-regions (Fig. 4.8C, 4.8D).
First, the peak strain and corresponding motion step for each specimen was identified and the averages
of the peaks were calculated in each sub-regions. Thus, the motion step at which peak strain occurred and
peak strain in all nine regions was obtained. For each side (anterior and posterior) of the capsule, the overall
peak strain was compared with the other eight sub-regions peak strain values using a paired-sample t-test
(OriginPro 2018, OriginLab Corporation, Northampton, MA, USA). Significant was set at p <0.05. These
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Figure 4.8: (A) The full cycle of forward reach and functional pull was divided into five steps, (B) GH
capsule was divided into three regions along superior-inferior direction (superior, middle, and inferior) and
three regions along medial-lateral directions (humeral, mid, and glenoid) (C) Anterior, and (D) Posterior
GH capsule were divided into nine sub-regions; SH : superior-humeral, MH : middle-humeral, IH : inferior-
humeral, SM : superior-mid, MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG : middle-glenoid,
and IG : inferior-glenoid.
statistical analyses were done in the anterior and posterior regions for medial-lateral and superior-inferior
strains for both forward reach and functional pull activities.
4.3 Results
4.3.1 Strain distributions during forward reach
The peak medial-lateral strain on the anterior side of the GH capsule occurred between the middle and
final steps (68 ± 5% of cycle) during forward reach motion (Fig. 4.9A). Thus, the anterior side of GH capsule
would deform most along the medial-lateral direction during the returning to the initial position from the arm
extended position. The peak strain (0.363 ± 0.242) occurred in the mid-glenoid insertion region, although
this was not significantly higher than the remaining regions of the anterior capsule (Fig. 4.9A). In contrast,
the peak superior-inferior strain occurred in the middle step (47 ± 4% of cycle) during the forward reach
(Fig. 4.9B). The peak superior-inferior strain (0.348 ± 0.211) was similar to peak medial-lateral strain but
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occurred in superior-humeral insertion region and was nearly twice the strain in the mid-glenoid insertion
region (Fig. 4.9B) (p <0.01).
Figure 4.9: Strain distribution map and bar chart of (A) medial-lateral and (B) superior-inferior strains
in anterior side of the GH capsule during forward reach motion. For strain distribution map, the region
with peak strain was surrounded by black lines; the regions surrounded by white lines represent there was
a statistical significant decreased of strains compared to peak strain (p <0.05); the red box on top of
distribution map indicates the position at which the peak strain occurred during forward reach. In bar
chart, the region surrounded by red lines represents at which the peak strain occurred; * represents there
was a statistical significant decreased of strain between that region and the region with peak strain (p
<0.05). Subregions- SH : superior-humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid,
MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
In posterior side, both peak strains occurred in the middle step; when the arm was in most extended
position (44 ± 5% of cycle for medial-lateral strain and 59 ± 12% of cycle for superior-inferior strain)
(Fig. 4.10A, 4.10B). However, the peak strain locations were different (MG for medial-lateral strain and
IH for superior-inferior strain) (Fig. 4.10A, 4.10B). The peak medial-lateral strain (0.610 ± 0.177) was
almost four times higher than the peak superior-inferior strain (0.171 ± 0.145). For medial-lateral strain,
MG region had significant higher strain compared to SH, MH, MM (p <0.01), and SG, IH, IM (p <0.05)
regions (Fig. 4.10A). However, the peak superior-inferior strain in IH region was not significantly different
than other regions in the posterior side (Fig. 4.10B).
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Figure 4.10: Strain distribution map and bar chart of (A) medial-lateral and (B) superior-inferior strains
in posterior side of the GH capsule during forward reach motion. For strain distribution map, the region
with peak strain was surrounded by black lines; the regions surrounded by white lines represent there was
a statistical significant decreased of strains compared to peak strain (p <0.05); the red box on top of
distribution map indicates the position at which the peak strain occurred during forward reach. In bar
chart, the region surrounded by red lines represents at which the peak strain occurred; * represents there
was a statistical significant decreased of strain between that region and the region with peak strain (p
<0.05). Subregions- SH : superior-humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid,
MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
4.3.2 Strain distributions during functional pull
For functional pull motion, peak medial-lateral strain in anterior side occurred during the middle step
(49 ± 2% of cycle) (Fig. 4.11A). The MG region had peak medial-lateral strain (0.416 ± 0.157) and was
nearly twice than strain in SH region (Fig. 4.11A) (p <0.05). However, the superior-inferior strain in
anterior side was compressive throughout the cycle suggesting that the GH capsule was not loaded along
the superior-inferior direction during functional pull (Fig. 4.11B).
Similar to superior-inferior strain in anterior side, the medial-lateral strain in posterior side was com-
pressive indicating that GH capsule was not loaded along medial-lateral direction during the functional pull
motion (Fig. 4.12A). In contrast, strain along superior-inferior direction was tensile and peak strain oc-
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Figure 4.11: Strain distribution map and bar chart of (A) medial-lateral and (B) superior-inferior strains
in anterior side of the GH capsule during functional pull motion. For strain distribution map, the region
with peak strain was surrounded by black lines; the regions surrounded by white lines represent there was
a statistical significant decreased of strains compared to peak strain (p <0.05); the red box on top of
distribution map indicates the position at which the peak strain occurred during forward reach. In bar
chart, the region surrounded by red lines represents at which the peak strain occurred; * represents there
was a statistical significant decreased of strain between that region and the region with peak strain (p
<0.05). Subregions- SH : superior-humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid,
MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
curred at the middle step i.e. during the arm extended position (53 ± 2% of cycle) (Fig. 4.12B). The IM
region experienced the peak superior-inferior strain (0.207 ± 0.14) and was significantly higher than MG
and IG regions (Fig. 4.12B) (p <0.05).
4.4 Discussion
The aim of this study was to measure the regional strain variations in anterior and posterior sides of
the GH capsule during the forward reach and functional pull tasks. To perform the biomechanical testing,
we developed a six degree-of-freedom actuator to replicate these complex motions. For both tasks, most of
the cases the peak medial-lateral and superior-inferior strains occurred at the middle step (20% - 40%) of
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Figure 4.12: Strain distribution map and bar chart of (A) medial-lateral and (B) superior-inferior strains
in posterior side of the GH capsule during functional pull motion. For strain distribution map, the region
with peak strain was surrounded by black lines; the regions surrounded by white lines represent there was
a statistical significant decreased of strains compared to peak strain (p <0.05); the red box on top of
distribution map indicates the position at which the peak strain occurred during forward reach. In bar
chart, the region surrounded by red lines represents at which the peak strain occurred; * represents there
was a statistical significant decreased of strain between that region and the region with peak strain (p
<0.05). Subregions- SH : superior-humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid,
MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
the cycle. All regions in anterior and posterior GH capsule were in tensile strain during the forward reach;
therefore, the capsule was loaded in both medial-lateral and superior-inferior directions and was in biaxial
tension. However, superior-inferior strain in anterior side and medial-lateral strain in posterior side were
compressive during functional pull motion suggesting that capsule was not loaded in these directions; both
anterior and posterior sides were in uniaxial tension loading condition. Therefore, comparing the regional
strain between these two functional tasks suggest that forward reach would be more challenging due to the
biaxial loading and higher strain.
Our results show that the strain distribution was inhomogeneous in anterior and posterior regions of
the GH capsule for both tasks. In most cases, peak strain was significantly higher than other sub-regions
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indicating that different regions experienced different set of loading. Previous studies have shown that the
properties like thickness, stiffness, failure strain of different regions of anterior and posterior GH capsule
were different [6, 63, 62, 108]. Although no micro-structural analysis was involved in this study, but the
inherent variation of structural and mechanical properties of different regions of GH capsule may explain
the inhomogeneous nature of strain pattern on the GH capsule surface.
Except the medial-lateral strain and superior-inferior strain in posterior regions for functional pull, in
all other cases, the peak strain occurred either in humeral insertion site or in glenoid insertion site. Thus,
the insertion sites of the GH capsule usually experienced higher strain compared to mid-regions. Previous
studies have also shown that the shoulder and knee ligaments are often ruptured near the insertion sites
[6, 8, 52, 74]; and experienced the higher strain compared to mid-substance [8, 17, 51, 73, 123].
The current study has several limitations. Five human cadaveric specimens were used to perform the
biomechanical testing and analysis. We used the 2D DIC for strain measurement neglecting the out-of-plane
deformation. However, using the 3D DIC would provide better and accurate results in measurements of
GH capsule strain. Further, to perform the in-vitro biomechanical testing, the kinematics data of the two
functional tasks were obtained from a previous study by Vidt ME et al [118]. It has been reported that the
upper extremity functional tasks have a higher variation of execution in the normal population [116]. Thus,
using a different set of kinematics during the in-vitro testing may cause some errors.
To calculate the dynamic strain throughout the functional tasks, the reference position was chosen at 0%
cycle and the strains throughout the cycle (10% to 100%) were calculated based on this reference position.
It should be noted that the 0% cycle for forward reach actually corresponded to a arm position with 22◦
elevation plane and 16◦ elevation indicating that the arm was already a little abducted and flexed position.
Similarly, the reference position (0% cycle) for functional pull was defined when the arm was at a distance
of 80% forearm length i.e. more abducted and flexed condition. Thus, any pre-strain on the GH capsule
before the reference position was neglected. Therefore, choosing the reference position at 0◦ elevation plane
and 0◦ elevation for both forward reach and functional pull will omit this pre-strain issue.
In summary, we have quantified the regional strain variations in GH capsule for complex loading motions
like forward reach and functional pull. Strain is non-uniformly distributed in medial-lateral and superior-
inferior directions and different for anterior and posterior sides for different motions. Further research
including the regional local mechanical response as well as micro-structural analysis would be useful to
explain the inhomogeneity and structure-function relationship.
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Chapter 5
Changes in GH capsule strain after
RCT
5.1 Motivation
Rotator cuff tears (RCTs) are common and a primary source of shoulder pain and dysfunction accounting
for more than 4.5 million physician visits annually in the United States [75]. Approximately 250,000 rotator
cuff repair surgeries are performed in the United States each year [27, 124]. Unfortunately, the success rate
of rotator cuff repair is variable with 20% to 65% resulting in a re-tear [38, 28, 31]. Revision surgeries can
be as high as 30% for isolated supraspinatus tendon tears [35].
Understanding the biomechanical consequences of RCTs on joint function is essential for optimal surgical
outcome. Joint stability is a function of active muscle forces balanced by passive stabilizing tissues including
the bony geometry, glenoid labrum, and glenohumeral (GH) joint capsuloligamentous structures [121]. Tears
in the supraspinatus and infraspinatus rotator cuff tendons have an immediate primary effect on the balance
of muscle forces at the shoulder joint [16]. Structural and mechanical properties, including area, stiffness,
and modulus of elasticity, of the torn supraspinatus and infraspinatus have been shown to change after the
injury [34, 22]. While the tear is often considered an injury to the tendons and consequently treated as such;
there has been evidence in the literature that RCTs may have significant secondary effects on the remaining
surrounding tissues [86]. The mechanical properties of the intact infraspinatus and subscapularis tendons
change due to tears in the neighboring supraspinatus tendon [82]. The area of the GH cartilage degeneration
is greater in shoulders with a RCT [42], and thickness and modulus of elasticity is lower in some regions
of glenoid cartilage due to RCTs [88]. However, the biomechanical effects of RCTs on the GH capsule has
received less attention.
The GH capsule is a continuous sheet of ligamentous tissue [69] and considered as the primary passive
stabilizer providing the anterior and posterior stability of the shoulder joint during motion [7, 76]. Different
regions of the GH capsule are loaded and unloaded throughout the range of motion such as stability is
provided by specific regions depending on the joint position [15, 21, 39, 70, 71, 112]. For example, anterior
band and auxiliary pouch of the inferior glenohumeral ligament (IGHL) show highest strain during abduction
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and external rotation whereas posterior band of the IGHL has greatest strain in flexion and internal rotation
[115]. Several studies have characterized and measured the mechanical properties of different regions of
the GH capsule [6, 11, 53, 63, 62, 108, 109]. The mechanical properties of the GH capsule have been also
quantified after the anterior dislocation [13]. To date, studies have only measured the GH capsule strain at
certain joint position like abduction/adduction, flexion/extension, but not for any functional tasks.
Although the superior capsule is usually damaged with full RCTs [44], the consequences of this damage
on shoulder joint function after RCTs is not well understood. Further, the kinematics of the normal, healthy
shoulder joint have been shown to be different than that of a shoulder with RCT during activities of daily
living (ADL) [118]. However, it is not clear how these changes in kinematics contribute to overall shoulder
joint function and stability. It is critical to investigate the biomechanical effects of RCTs on GH capsular
ligaments to better understand how the RCTs may impact on the overall GH joint stability as a result of
changes in GH capsule during ADL. To the best of our knowledge there have been no studies evaluating the
relationship between GH capsular strain and RCTs. Therefore, the aim of this study was to compare the
strain distribution in anterior and posterior regions of the GH capsule before and after rotator cuff tear for
forward reach task.
5.2 Materials and methods
5.2.1 Specimen preparation
Five fresh-frozen human cadaveric shoulders (donor age 61± 5 years, range 54 - 68, all males, right hand
dominant, right shoulders) were stored at -20◦C. The donors had no known previous shoulder disease, injury
or musculoskeletal disorder affecting the upper extremities. Specimens were thawed at room temperature
for 24 hours before dissection. All soft tissues were carefully dissected from the humerus and scapula while
avoiding disturbance to the glenohumeral capsuloligamentous complex leaving a humerus (H) - glenohumeral
capsule (C) - scapula (S) construct (H-C-S) (Fig. 5.1). The GH capsule was moistened with phosphate-
buffered saline (PBS) solution during the dissection, specimen preparation, and biomechanical testing to
prevent dehydration.
5.2.2 Experimental setup
The glenohumeral joint motion or kinematics can be expressed as three rotational degrees of freedom
(elevation plane, elevation, axial rotation). The elevation plane corresponds to flexion/extension whereas the
elevation means abduction/adduction. The axial rotation corresponds to internal/external rotations. There-
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Figure 5.1: The anterior view of the GH joint after dissecting all soft tissues except the GH capsule and
leaving a humerus - glenohumeral capsule - scapula construct.
fore, in order to replicate glenohumeral joint kinematics for activities of daily living, the testing setup needs
to have three rotational degrees of freedom. In the present study, biomechanical testing was performed using
a 5-axis (three translational, two rotational) computer numerical control (CNC) actuator (ChinaCNCzone).
For shoulder motion, the elevation and rotational axes are prescribed directly within the available rotation
degrees of freedom within the CNC (see green and orange axes in Fig. 5.2A). To allow for the third degree
of freedom, elevation plane, a custom acrylic fixture was then developed and mounted on the CNC bed
(Fig. 5.2B). The rotational axes of the default GH joint and the GH joint during in-vitro testing in CNC
bed were not identical (Fig. 5.2C). The OO’ was the default GH joint rotational axis and PP’ was the GH
joint rotational axis during the in-vitro testing. Therefore, the rotational degree of freedom for elevation
and elevation plane were decoupled into two translational components assuming small angle increments of
motion as shown in Fig. 5.2C. z was the translational component along superior-inferior direction (Fig. 5.2C).
y was the translational component along medial-lateral direction for elevation and along anterior-posterior
direction for elevation plane (Fig. 5.2C). The humerus pot was placed inside an outer through ball bearings
pot to allow for rotation replicating the elevation plane (Fig. 5.2D).
5.2.3 Kinematics conversion to G-code
In vivo kinematics of control (healthy) and injured shoulder with RCT were obtained from a previous
study by Vidt ME et al [118]. The kinematics were expressed as three rotational degrees of freedom: elevation
plane, elevation, and axial rotation. Elevation in the 0 elevation plane was defined as abduction, whereas
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Figure 5.2: (A) 5-axis CNC machine; green, red, and orange lines represent elevation (abduction/adduction),
elevation plane (flexion/extension), and axial rotational (internal/external rotation) axes respectively, (B)
a custom fixture consisting of acrylic plate with an outer holder pot to allow for elevation plane degree of
freedom, (C) decoupling the rotational degree of freedom into translational degrees of freedom. z was the
translational component along superior-inferior direction. y was the translational component along medial-
lateral direction for elevation and along anterior-posterior direction for elevation plane, and (D) humerus
was potted in a pot and placed inside an outer pot through the ball bearings.
elevation in the 90 elevation plane was forward flexion [118]. Positive axial rotation was defined as internal
rotation and negative axial rotation as external rotation [118].
We used the kinematics data for forward reach task [118]. Forward reach started when the humerus was
in 0◦ elevation in 90◦ elevation plane (sagittal plane); 2 lb dumbbell was resting on a table, the subjects
first reached with the weight to a distance of 80% of forearm length; and then returned the hand to the
starting position to finish the activity (Fig. 5.3) [118]. The kinematics of forward reach was expressed as a
percentage [118]. Therefore, 0% and 100% represented the start and end of the forward reach task. Thus,
50% corresponded when the humerus reached to a distance of 80% of forearm length (Fig. 5.3) [118].
G-code inputs to the CNC machine for control and RCT forward reach kinematics were generated using
custom software (MATLAB R2017a, Mathworks Inc., Natick, MA, USA) by converting the three rotational
kinematics into the corresponding CNC kinematics (rotational and translational components). This data
was then applied to simulate the control and RCT forward reach motion.
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Figure 5.3: Three rotational kinematics (elevation plane, elevation, and axial rotation) during forward reach
[118].
5.2.4 Digital image correlation technique
Strain on the GH capsule was measured using digital image correlation (DIC) technique. DIC is an
optical, non-contact technique that can measure full field displacements and strains of surface deformations.
In this study, two-dimensional (2D) DIC was performed for all specimens. Black ink (Rust-Oleum) was
sprayed by flicking the bristles of a toothbrush on the anterior and posterior regions of the GH capsule to
create a random speckle pattern (Fig. 5.4). Images of the GH capsule during each kinematic trajectory was
collected using a high speed camera (Panasonic Lumix FZ200, frame rate = 120 Hz).
5.2.5 Biomechanical testing
After creating the speckle pattern, the distal part of the humerus and medial border of the scapula were
potted into the fixtures using fast curing epoxy. Then, the H-C-S construct was mounted into the CNC
actuator (Fig. 5.4). A six degree of freedom load cell (ATI Industrial Automation, Apex, NC, USA) was
rigidly mounted between the scapula fixture and CNC machine to record the shoulder joint reaction force
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Figure 5.4: Humerus - glenohumeral capsule - scapula construct was mounted into the CNC actuator and
magnified view of the anterior capsule with random speckle pattern.
(sampling frequency = 120 Hz) (Fig. 5.4). For each specimen, two kinematics (forward reach control and
forward reach RCT) were applied. Two high speed cameras were used to record the speckle pattern of
the anterior and posterior GH capsules and a third camera recorded the applied CNC motion at the same
frequency. All three cameras were synchronized together such that the GH capsule position at different
percentages of movement could be analyzed.
5.2.6 Data analysis
The images from high speed camera during the forward reach motion were extracted from 0 to 100
percent movement at 10 percent intervals; thus a total of 11 images were obtained for each control and RCT
kinematic trajectory. The first image at 0 percent movement was used as the reference image and strains
from 10 to 100 percent were calculated based on this reference image. These images were analyzed using
an open-source software (NCORR DIC Matlab plug-in) to obtain the full field strain distributions of the
GH capsule [9]. The output strains were extracted as Green-Lagrangian strains in two components: (i)
medial-lateral strain and (ii) superior-inferior strain.
The spatial distribution of strains was analyzed by dividing the anterior and posterior sides of the GH
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capsule into three regions along superior-inferior direction (superior, middle, and inferior) and three regions
along medial-lateral direction (humeral, mid, and glenoid) (Fig. 5.5A). Thus, each anterior and posterior
sides of the GH capsule was divided into nine sub-regions (Fig. 5.5B, 5.5C).
Figure 5.5: (A) GH capsule was divided into three regions along superior-inferior direction (superior, middle,
and inferior) and three regions along medial-lateral directions (humeral, mid, and glenoid) (B) Anterior, and
(C) Posterior GH capsule were divided into nine sub-regions; SH : superior-humeral, MH : middle-humeral,
IH : inferior-humeral, SM : superior-mid, MM : middle-mid, IM : inferior-mid, SG : superior-glenoid, MG :
middle-glenoid, and IG : inferior-glenoid.
First, the peak strain of five specimens throughout the cycle in each region were calculated for both control
and RCT kinematics. In order to identify the effects of RCTs, these peak strain values in each region were
compared between the control and RCT kinematics by a paired-sample t-test (OriginPro 2018, OriginLab
Corporation, Northampton, MA, USA). Significant was set at p <0.05. These statistical analyses were done
in anterior and posterior regions for both medial-lateral and superior-inferior strains during forward reach
task.
5.3 Results
After RCT, medial-lateral strain in SG region in the anterior side was significantly increased (63%) (Fig.
5.6A) (p <0.05). There was no change in medial-lateral strain for other eight regions. In contrast, superior-
inferior strain in two regions MH and MM in anterior side significantly decreased after RCT (Fig. 5.6B).
The superior-inferior strain decreased 46% in MH region and 38% in MM region (for both cases p <0.05).
The medial-lateral strain in SG and IM regions in the posterior side of the GH capsule significantly
increased in presence of RCT (Fig. 5.7A) (p <0.05). Surprisingly, the superior-inferior strain in posterior
side did not change for any of the regions (Fig. 5.7B). Therefore, strain along superior-inferior direction in
the posterior side did not affect by the rotator cuff tear.
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Figure 5.6: Changes in (A) medial-lateral strain and (B) superior-inferior strain in anterior side of the GH
capsule due to RCT during the forward reach task. The grey bar represents the control strain whereas the
white bar represents the RCT strain. The region surrounded by red lines and * represent when there was
a statistical significant difference between control and RCT strains (p <0.05). Subregions- SH : superior-
humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid, MM : middle-mid, IM : inferior-mid,
SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
5.4 Discussion
The objective of this study was to identify the change in regional strain in anterior and posterior sides of
the GH capsule during the forward reach task. To simulate the forward reach motion, a six degree-of-freedom
actuator was developed from a 5 axis CNC machine. Our results show that the strain distribution in the
capsule was significantly different under the RCT kinematics. The medial-lateral strain in some regions of
both anterior and posterior sides of the GH capsule were significantly increased after the RCT suggesting
that the capsule would stretch more along the medial-lateral direction in both sides of the capsule due to
RCT. However, some regions had lower superior-inferior strain in anterior side indicating that those regions
would be less extended in presence of RCT. Surprisingly, there was no statistical significant difference in the
superior-inferior strain in posterior side between control and RCT kinematics. Thus, the displacement of
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Figure 5.7: Changes in (A) medial-lateral strain and (B) superior-inferior strain in posterior side of the GH
capsule due to RCT during the forward reach task. The grey bar represents the control strain whereas the
white bar represents the RCT strain. The region surrounded by red lines and * represent when there was
a statistical significant difference between control and RCT strains (p <0.05). Subregions- SH : superior-
humeral, MH : middle-humeral, IH : inferior-humeral, SM : superior-mid, MM : middle-mid, IM : inferior-mid,
SG : superior-glenoid, MG : middle-glenoid, and IG : inferior-glenoid.
the posterior side of the GH capsule along the superior-inferior direction does not effect by the RCT during
the forward reach task. Therefore, it can be concluded that the strains in some regions increased while in
other regions decreased, and some were not effected by RCT; The change in strain distribution was spatially
heterogeneous.
Although we did not statistically compare the strain variation among the regions for control and RCT
separately; but the overall strain distribution was inhomogeneous in anterior and posterior regions of the GH
capsule for both medial-lateral and superior-inferior strains. In most of the cases, the peak strain occurred
either in humeral insertion site or in glenoid insertion site. Thus, the insertion sites of the GH capsule usually
experienced higher strain compared to mid-regions. Previous studies have also shown that the shoulder and
knee ligaments are often ruptured near the insertion sites [6, 8, 52, 74]; and experienced the higher strain
compared to mid-substance [8, 17, 51, 73, 123].
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Our results suggest that the change in regional strain after RCT was spatially heterogeneous. Several
previous studies have shown that the properties like thickness, stiffness, failure strain of the different regions
of anterior and posterior sides of the GH capsule were different [6, 63, 62, 108]. Although no micro-structural
analysis was involved in this study, but the inherent variation of structural and mechanical properties of
different regions of GH capsule may explain the heterogeneous change in strain patterns after RCT.
The current study has several limitations. Five human cadaveric specimens were used to perform the
biomechanical testing and analysis. We used the 2D DIC for strain measurement neglecting the out-of-plane
deformation. However, using the 3D DIC would provide better and accurate results in measurements of GH
capsule strain. Further, to perform the in-vitro biomechanical testing, the kinematics data of the forward
reach task was obtained from a previous study by Vidt ME et al [118]. It has been reported that the upper
extremity functional tasks have a higher variation of execution in the normal population [116]. Thus, using
a different set of kinematics during the in-vitro testing may cause some errors.
In order to calculate the dynamic strain throughout the forward reach cycle, the reference position was
chosen at 0% cycle and the strains throughout the cycle (10% to 100%) were calculated based on this reference
position. It should be noted that the 0% cycle for control forward reach kinematics actually corresponded to
a arm position with 22◦ elevation plane and 16◦ elevation and RCT forward reach kinematics corresponded
to a arm position with 12◦ elevation plane and 20◦ elevation. Hence, for both kinematics, the reference
position of the arm was already a little abducted and flexed position; any pre-strain on the GH capsule
before the reference position was neglected. Therefore, choosing the reference position at 0◦ elevation plane
and 0◦ elevation for both control and RCT forward reach kinematics will omit this pre-strain issue.
In summary, we developed a six degree of freedom actuator to simulate the complex joint motions and
identified the regional strain variations in GH capsule after the RCT during the forward reach task. The
change in regional strain distribution was spatially heterogeneous and may be explained by the inhomo-
geneous structural, mechanical and material properties of the GH capsule. Further research including the
regional local mechanical response as well as the micro-structural analysis for additional functional tasks





The overall aim of this dissertation study was to investigate the consequences of RCTs in GH capsule and
joint stability. To test this, we developed a 6 degree-of-freedom actuator in our lab from a 5-axis computer
numerical control (CNC) machine. Healthy and RCT kinematics for two functional tasks (forward reach and
functional pull) were applied to cadaveric specimens. While comparing the strain in GH capsule between the
two healthy functional tasks, we found that the peak strain would occur during the forward reach near the
full extended position. Further, the both anterior and posterior sides of the GH capsule would be under the
biaxial tensile loading condition during the forward reach. However, in functional pull motion, the capsule
will be uniaxially loaded in both sides of the capsule.
The RCT kinematics would provide the similar scenario in terms of the loading state during forward
reach. But the strain distribution in capsule significantly changed in presence of RCTs. While some regions
strains increased, in other regions strain decreased for both anterior and posterior sides of the capsule.
Therefore, the changes in capsule strain values due to RCTs were spatially heterogeneous.
6.2 Limitations
The current study has several limitations. These are mentioned below:
1) To perform the biomechanical testing of the GH joint, only five human cadaveric specimens were used.
Increasing the number of the specimens will provide more statistical power during the analysis.
2) We used the two-dimensional DIC for GH capsule strain measurement neglecting the out-of-plane
deformation. However, using the three-dimensional DIC would provide better and accurate results in mea-
surements of GH capsule strain.
3) The kinematics data of the two functional tasks used in this study were obtained from a previous study
by Vidt ME et al [118]. This kinematics were applied to the cadaver GH joint to perform the biomechanical
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testing. It has been reported that the upper extremity functional tasks have a higher variation of execution
in the normal population [116]. Thus, using a different set of kinematics during the in-vitro testing may
cause some errors.
4) To measure the strain during the forward reach, the initial position of the arm was considered at the
start of the cycle; that means the arm was not abducted and flexed. So, the strain in the subsequent cycles
were calculated based on this initial position. In contrast, the arm was already abducted and flexed during
the start of the functional pull cycle. So, any pre-strain value was neglected at that position. Since our aim
was to calculate the dynamic strain throughout the cycle, we considered that position as initial position; the
strains throughout the cycle were calculated based on this initial position.
6.3 Future study
In future, this biomechanical testing should include more number of specimens to provide robust statis-
tical power during the comparisons of data along with the 3D DIC technique. The 3D DIC would provide
more accurate capsule strain data including the out-of-plane deformation.
Our results provide insight of the mechanical loading state of the GH capsule during forward reach and
functional pull; how they change in presence of RCTs. However, no micro-structural analysis was performed
in this study. Therefore, the sources of this regional variations were unknown at this point. Previous studies
have reported that this variation may be due to the differences in collagen fiber distribution, alignment, and
cross-linking [18, 68, 119, 122]. The variation in strain may also be a result of the compositional contributions
of water, collagen, and glycosaminoglycan [23, 51]. To understand and quantify the collagen crimping in
ligament structure, we previously performed a case study on porcine posterior cruciate ligament (PCL) by
second harmonic generation technique [54] (attached in Appendix). The results showed that there exist
three distinct categories of crimp organization in the PCL (no crimping, in-plane crimping, and out-of-
plane crimping). The helical crimp pattern of the collagen fibers was also observed. Therefore, the future
studies should include the local mechanical loading as well as the micro-structural analysis to explain the
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Appendix C
Strain during control kinematics for 
five specimens
Figure C.1: Medial-lateral strain in nine regions on the anterior side of the GH capsule during forward 
reach. X-axis represents the percent of cycle; y-axis represents the strain value.
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Figure C.2: Superior-inferior strain in nine regions on the anterior side of the GH capsule during 
forward reach. X-axis represents the percent of cycle; y-axis represents the strain value.
Figure C.3: Medial-lateral strain in nine regions on the anterior side of the GH capsule during functional 
pull. X-axis represents the percent of cycle; y-axis represents the strain value.
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Figure C.4: Superior-inferior strain in nine regions on the anterior side of the GH capsule during 
functional pull. X-axis represents the percent of cycle; y-axis represents the strain value.
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